Abstract. Cimetidine, a histamine-2 (H 2 ) receptor antagonist, has been demonstrated to have anticancer effects on various types of malignancies. However, the mechanisms of its action on gastric cancer are not completely understood. This study was designed to investigate its antitumor effect and underlying mechanisms in human gastric cancer SGC-7901 and MGC-803 cells. The MTT assay was used to evaluate cell viability, and flow cytometry, acridine orange staining and transmission electron microscopy were used to detect apoptosis, for cultured cells. The protein expression in cells was evaluated by Western blot analysis and colorimetric assay. Gastric tumors were established by subcutaneous injection of SGC-7901 cells in nude BALB/c mice, and cimetidine was administered to the mice. The size of tumors was monitored and the weight of tumors was examined. The exposure of gastric cancer cells to cimetidine resulted in growth inhibition and the induction of apoptosis in a dose-dependent manner. Activation of the caspase cascade for both the extrinsic and intrinsic pathways were demonstrated in vitro, including caspase-8, -9 and -3. We also found that the expression of Bcl-2 protein decreased and the expression of Bax protein increased which lead to an increase of the Bax/Bcl-2 ratio. In mice bearing SGC-7901 xenograft tumors, administration of cimetidine showed a significant decrease of tumor volumes and tumor weight compared with the control. Our results showed that cimetidine exhibited antitumor effects in gastric cancer cells with an induction of apoptosis.
Introduction
Despite significant advances in cancer research, cancer remains a worldwide health problem and mortality due to cancer remains high (1) . Gastric cancer is the second leading cause of cancer-related death in the world (2) while there appears to be a decreasing trend in occurrence, notably in western countries, it is still commonly reported in China and Japan (3) . Even though the prognosis of patients with advanced gastric cancer seems to have improved as a result of the standardization of surgical techniques and recent advances in chemotherapy, the 5-year postoperative survival rate remains low (4, 5) . In light of these factors, more effective and safer therapeutic strategies for advanced or unresectable gastric cancer are urgently needed.
Cimetidine as a histamine type 2 (H 2 ) receptor antagonist is used to treat patients with peptic ulcers, acid reflux and hypersecretory states (6) . It has been shown to improve the survival of patients with colorectal cancer (7) (8) (9) (10) . Further, positive effects have also been demonstrated in other cancer patients, such as those with renal cell carcinoma (11) , malignant melanoma (12) and glioblastoma (13) . In 1988, it was reported that post-operative treatment with cimetidine improved survival in gastric cancer patients of all stages (14) . Other H 2 receptor antagonists, such as ranitidine and famotidine, do not demonstrate such effects (15) (16) (17) indicating that cimetidine may exert its effect by enhancing the host immune response against tumor cells (7, 18) or by blocking the cell growth-promoting activity of histamine (10, 15, 16) rather than directly via histamine antagonism. Some studies indicate cimetidine could block the adhesion of colorectal tumor cells to endothelial cells via down-regulation of E-selectin on endothelial cells (19) and increase survival of colorectal cancer patients with high levels of sialyl Lewis antigens, ligand for E-selectin (20) . It was demonstrated that cimetidine inhibited the proliferation of human colorectal cancer cells and induced apoptosis in vitro (21) . Recent experimental evidence also indicated that cimetidine inhibited NCAM expression and induced apoptosis of human salivary gland tumor cells (22, 23) . However, it was not previously determined whether cimetidine modulates the apoptotic pathway in gastric cancer cells.
The present study examined the antiproliferative activity of cimetidine and its effect on the apoptosis of gastric cancer cells. Then, the levels of several important proteins that are strongly associated with the signal-transduction pathway of apoptosis were measured to establish the anticancer mechanism of cimetidine. Furthermore, we used a nude mouse model to confirm the antitumor effect of cimetidine in vivo.
Materials and methods
Reagents. Cimetidine, dimethyl sulfoxide (DMSO), propidium iodide (PI) and trypsin were purchased from Sigma (St. Louis, MO, USA). RPMI-1640, penicillin, streptomycin and other cell culture supplies were from Gibco BRL (Grand Island, NY, USA). Fetal bovine serum was from Hyclone (Logan, UT, USA). Monoclonal Bcl-2, Bax and actin primary antibodies, as well as second antibody goat anti-mouse IgG were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Caspase-3, -8 and -9 colorimetric assay kits were purchased from Biovision Research (CA, USA). MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltrazolium bromide] and acridine orange (AO) were obtained from Fluka (Ronkonkoma, NY, USA).
Cell cultures. Human gastric carcinoma metastatic lymph node cell line, SGC-7901, and normal gastric epithelial cell line, GES-1, were obtained from Cancer Research Institute of Beijing, China. Human gastric mucinous adenocarcinoma cell line, MGC-803, was obtained from the Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). They were cultured in RPMI-1640 containing 10% fetal bovine serum, 100 U/ml of penicillin, 100 μg/ml of streptomycin at 37˚C in a humidified atmosphere of 5% CO 2 .
MTT assay. Cell viability was assessed using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltrazolium bromide] assay. SGC-7901, MGC-803 and GES-1 (5x10 3 ) cells were seeded in 200 μl of RPMI-1640 medium into 96-well plates, and cultured overnight. Then the medium was replaced with fresh RPMI-1640 or the same media containing different concentrations of cimetidine (10 -5 -10 -2 M). After a further incubation for 24 or 48 h, 50 μl of MTT (2 mg/ml) was added to each well followed by 4 h incubation. The medium was discarded and 150 μl of dimethyl sulfoxide was added into each well, and incubated for 20 min. The OD490 nm was measured. The cell viability index was calculated according to the formula: (experimental OD value/control OD value) x 100%.
Flow cytometric analysis. Gastric cancer cells (SGC-7901, MGC-803) were exposed to cimetidine at concentrations of 0, 5x10 -4 , 1x10 -3 , 5x10 -3 or 1x10 -2 M for 24 h in RPMI-1640. The attached and floating cells were mixed and washed with PBS. The cells were centrifuged, and the pellets were resuspended with 5 ml of cold 70% ethanol and fixed overnight at 4˚C. The fixed cells were washed twice in PBS. Then 50 μl of RNase (10 μg/ml) and 25 μl of propidium iodide (1 mg/ml) were added to the cells for 30 min at room temperature in the dark. Flow cytometric analysis was performed with a FACS Caliber (FACScalibur; Becton-Dickinson, USA). For each analysis, 10,000 events were collected and analyzed with CellQuest software.
Acridine orange staining. Cimetidine-treated gastric cancer cells and untreated gastric cancer cells were washed with icecold PBS, fixed with 4% paraformaldehyde for 10 min at room temperature, washed again with PBS, stained with 200 μl of acridine orange solution (10 μg/ml) and incubated in the dark for 5 min. The slides were rinsed briefly with PBS to remove unbound dye, mounted with nail polish and viewed under fluorescence microscope.
Transmission electron microscopy. Glutaraldehyde-fixed gastric cancer cells were post-fixed with 1% osmium oxide (OsO 4 ) in 0.1 M cacodylate buffer (pH 7.4), dehydrated with alcohol and embedded in resin mixture. Ultrathin sections, collected on nickel grids and conventionally stained with uranyl acetate and lead citrate, were examined with transmission electron microscope.
Western blot analysis of Bcl-2 and Bax. Treated cells were lysed in RIPA buffer (120 mM NaCl, 50 mM Tris, pH 7.6, 0.05% NP-40, 1 mM EGTA, 1 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mM PMSF, 1 mM NaVO 3 , 1 mg/ml pepstatin, and 1 mg/ml okadaic acid). The lysates were clarified by centrifugation at 14,000 x 10 min and protein concentrations were estimated by an assay (Bio-Rad). For Western blot analysis, equivalent amount of proteins were analyzed via sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membrane. Membranes were blocked using 5% milk in TBS + 0.5% Tween for 1 h at room temperature. The membranes were then incubated in primary antibody overnight at 4˚C. They were washed three times in TBS + 0.5% Tween then incubated for 60 min in HRP-conjugated secondary antibody and developed with ECL luminescence substrate.
Caspase activity assay. Caspase-3, caspase-8 and caspase-9 protease activities were determined using a commercial colorimetric assay kit according to the manufacturer's instructions. Briefly, gastric cancer cells (1x10 6 ) treated with different concentrations of cimetidine for 24 h were resuspended in 50 μl of chilled cell lysis buffer; cells were then incubated on ice for 10 min and centrifuged for 1 min in a microcentrifuge (10,000g); then supernatants were transferred (cytosolic extract) to a fresh tube and protein concentration was assayed. Next, diluted 100 μg protein was added to 50 μl cell lysis buffer for each assay. Subsequently, 50 μl of 2x reaction buffer and 5 μl of the 4 mM DEVD-pNA (caspase-3)/IETDpNA (caspase-8)/LEHD-pNA (caspase-9) were added and incubated at 37˚C for 2 h. Samples were read at 405 nm in a microliter plate reader.
Animal experiment. This experiment was conducted in accordance with the guidelines issued by the State Food and Drug Administration (SFDA of China). The animals were housed and cared for in accordance with the guidelines established by the National Science Council of China.
Female BALB/c nude mice, 35-40 days old and weighing 20-22 g, were supplied by Shanghai Slac Laboratory Animal Limited Company. The mice were kept under sterile conditions and fed a sterilized mouse diet and water. Animals were anaesthetized via inhalation of isoflurance and a tumor cell suspension of 2x10 6 SGC-7901 cells in 0.1 ml RPMI-1640 was injected subcutaneously into the dorsa of each mouse. When tumors reached around 100 mm 3 at about 2 weeks, the mice were randomly assigned to three groups (n=5/group). The mice were treated with cimetidine 100 mg/kg/2 days, 200 mg/kg/2 days or saline (control) by intratumoral injection every other day for 4 weeks. Tumor size was measured once every 4 days in two perpendicular dimensions with vernier calipers and converted to tumor volume using the formula: (ab 2 )/2, where a and b refer to the longer and shorter dimensions, respectively. The body weight of the animals was measured once every 4 days at the same time as the tumor dimension measurement and the mortality was monitored daily. After the treatments, all mice were sacrificed and weighed, and tumor was segregated and weighed. 
Results

Cell growth inhibition.
To determine the growth inhibitory activity of cimetidine, gastric cancer cells SGC-7901 and MGC-803 were treated with cimetidine for 24 or 48 h and viable cells were measured by MTT assay. SGC-7901 and MGC-803 cells exposed to cimetidine resulted in a significant decrease in viable cells in a time-and dose-dependent manner (Fig. 1) . Effective concentrations were selected for all further mechanistic studies. Moreover, to confirm whether cimetidine affected normal gastric cells, we also treated normal gastric cell line GES-1 for 24 or 48 h with the same doses of cimetidine, and MTT assays were carried out. Cimetidine had almost no effect on the growth of normal gastric GES-1 cells.
Induction of apoptosis by cimetidine. In order to determine whether the growth inhibition by cimetidine was associated with apoptosis, gastric cancer cells treated with cimetidine were analyzed for the amount of sub-G 1 DNA by flow cytometry of fixed nuclei to quantify the degree of apoptosis. As shown in Fig. 2A , treatment of gastric cancer cells with different concentrations of cimetidine resulted in an increase of the number of apoptotic cells in a dose-dependent manner.
We further examined the morphological changes of gastric cancer cells treated with cimetidine by fluorescence microscopy. The control cells displayed an intact nuclear structure, while cells treated with cimetidine had chromosomal condensation and formation of apoptotic bodies (Fig. 2B) . The main ultra-microstructural changes seen in all treated groups were chromatin aggregation, mitochondrial denaturation and apoptotic body formation, as well as cytoplasmic compartments, swelling and disappearance of mitochondrial cristate (Fig. 2C) .
The effect of cimetidine on the expression of Bcl-2 and Bax.
To further investigate the molecular basis for cimetidineinduced apoptosis in gastric cancer cells, the constitutive expression of typical apoptosis-related proteins Bcl-2 and Bax were analyzed by Western blot. As shown in Fig. 3 , the pro-apoptotic protein Bax was induced in cimetidine-treated cells, whereas the expression of antiapoptotic protein Bcl-2 was inhibited after treatment with cimetidine for 24 h. This suggested an increase of Bax/Bcl-2 ratios might be involved in apoptosis induced by cimetidine. (24) . Therefore, we examined the activity of caspase-3, -8 and -9 in SGC-7901 and MGC-803 cells treated with cimetidine by colorimetric assay. In addition to executioner caspase-3, initiator caspase-8 and -9 are also important for apoptosis. The activities of caspase-3, -8 and -9 were increased significantly in a dose-dependent manner after treatment with cimetidine (Fig. 4) , thus confirming that activated caspase mediates apoptosis in gastric cancer cells upon stimulation with cimetidine.
Activation of caspase-3, -8 and -9 in cimetidine-induced apoptosis. Recent studies have identified caspases as important mediators of apoptosis induced by various apoptotic stimuli
Cimetidine inhibits the growth of transplantable tumors.
Tumor xenografts transplanted by human gastric cancer SGC-7901 cells were used to evaluate the antitumor effect of cimetidine in vivo. Tumors in cimetidine treated mice were visibly smaller than in saline treated mice (Fig. 5A) . The tumor volume in cimetidine treated mice was less than in negative (Fig. 5B) , indicating that cimetidine significantly inhibited tumor growth during the 4-week treatment. As shown in Fig. 5C , the weight of tumors was also reduced significantly with cimetidine treatment, while the body weight of the mice in cimetidine groups remained essentially unchanged (Fig. 5D) . None of the mice died during the treatment.
Discussion
Cimetidine is widely used to treat peptic ulcers and has also been shown to have clinical benefits in cancer patients. Previous studies have identified antitumor effects and a number of mechanisms of activity, such as direct inhibition of tumor growth, stimulation of host immune response and inhibition of cell adhesion to endothelial cells. A multicenter, randomized, double-blind, placebo-controlled study carried out by Tønnesen et al (14) on 181 patients showed that a post-operative course of cimetidine at a normal therapeutic dosage significantly prolonged the survival of gastric cancer patients. Although the cell-killing mechanism of cimetidine has been suggested (21, 22) , little is known of the effects of this compound on the growth of gastric cancer cells. This study, therefore, examined whether or not cimetidine induced apoptosis in gastric cancer cells and the mechanism related to cell death. Moreover, we used a nude mouse model to confirm the antitumor effect of cimetidine in vivo.
It was found that cimetidine dose-dependently inhibited the cell viability and induced apoptosis in human gastric cancer cells SGC-7901 and MGC-803. In contrast, cimetidine had almost no effect on the growth of normal gastric cell GES-1. The induction of apoptosis by cimetidine was confirmed by flow cytometry and the characteristic morphological changes. Further experiments showed that the cimetidine treatment significantly decreased the level of antiapoptotic Bcl-2 protein expression and increased the level of pro-apoptotic Bax protein expression, thus shifting the Bax/Bcl-2 ratio in favor of apoptosis (Fig. 3) . The cimetidine treatment also caused the proteolytic activation of caspases such as caspase-3, caspase-8 and caspase-9 in a dose-dependent manner (Fig. 4) . Activated caspases induce limited proteolysis in a number of cellular proteins, which are degraded by the caspase family as a result of apoptosis. To test the physiological relevance of in vitro cimetidine-induced antitumor effects in vivo, the antitumor effects of cimetidine were evaluated in SGC-7901 xenografts. Cimetidine significantly inhibited tumor growth of the SGC-7901 xenografts without causing mortality, significant weight loss, or other noticeable major side effects. These observations are in agreement with our in vitro studies showing that treatment of gastric cancer cells with cimetidine results in a dose-dependent induction of apoptosis. Apoptosis (programmed cell death), is a specific form of cell death characterized by several morphological and biochemical events (25, 26) . Apoptosis is a crucial event in a wide variety of biological processes including embryogenesis, organ, immune system and homeostatic system development (27, 28) . Aberrant cell survival resulting from inhibition of apoptosis is expected to contribute to tumor progression and oncogenesis, and cancer cells often gain a selective growth advantage by blocking apoptosis (29) . Therefore, the induction of apoptotic cell death is an important mechanism in anticancer properties of many anticancer drugs (30, 31) .
Two important groups of proteins involved in apoptotic cell death are the members of the Bcl-2 family (32) and a class of cysteine proteases known as caspase (33) . The Bcl-2 family can be classified into two functionally distinct groups: antiapoptotic proteins and pro-apoptotic proteins. Bcl-2, an antiapoptotic protein, is known for regulating apoptotic pathways and protecting against cell death. Bax, a proapoptotic protein of that family, is expressed abundantly and (34, 35) . It has been found that the ratio of Bax to Bcl-2 acts to regulate the susceptibility of cells to apoptosis (36) . In our study, there was a dose-dependent decrease of Bcl-2 in cimetidinetreated gastric cancer cells, while the levels of Bax were increased, resulting in an increase in ratio of Bax/Bcl-2. These observations show that cimetidine-induced apoptosis in human gastric cancer cells was triggered by the downregulation of Bcl-2 and the up-regulation of Bax. It has been well established that caspase-mediated apoptosis in most cells is induced through the activation of either the mitochondrial (intrinsic) pathway or the death receptor (extrinsic) pathway (37) . Death receptors, through adaptor molecules, recruit initiator caspase-2, -8 or -10, while intrinsic death signals result in the activation of caspase-9. Initiator caspases are able to activate effector caspases (caspase-3, -6 and -7) and effector caspases are common to both the extrinsic and intrinsic death pathways (38) . Both of these mechanisms will lead to the hierarchical activation of the caspase family, which are responsible for the characteristic morphological changes observed during apoptosis (39) . Our investigation show that the molecular mechanisms involved in cimetidineinduced apoptosis of human gastric cancer cells, seemed to proceed via both the extrinsic and intrinsic pathway, as shown by activation of caspase-8, -9 and -3. In summary, our present findings indicate that cimetidine significantly inhibited growth of human gastric cancer cells SGC-7901 and MGC-803 by inducing apoptosis in a dosedependent manner, accompanied by an increase in Bax/Bcl-2 ratios and activation of caspases. Moreover, we demonstrated the tumor growth inhibition effect of cimetidine in a nude mouse model. Given the potential and safety of cimetidine, it is a promising candidate for therapy of gastric cancer, although additional studies are needed.
